In C 4 photosynthesis, pyruvate orthophosphate dikinase (PPDK) catalyzes the regeneration of phosphoenolpyruvate in the carbon shuttle pathway. Although the biochemical function of PPDK in maize is well characterized, a genetic analysis of PPDK has not been reported. In this study, we utilize the maize transposable elements Mutator and Ds to generate multiple mutant alleles of PPDK. Loss-of-function mutants are seedling lethal even when plants were grown under 2% CO 2 , and they show very low capacity for CO 2 assimilation indicating C 4 photosynthesis is essential in maize. Using RNA-seq and GC-MS technologies, we examined the transcriptional and metabolic responses to a deficiency in PPDK activity. These results indicate loss of PPDK results in down-regulation of gene expression of enzymes of the C 4 cycle, the Calvin cycle, and components of photochemistry. Furthermore, the loss of PPDK did not change Kranz anatomy, indicating that this metabolic defect in the C 4 cycle did not impinge on the morphological differentiation of C 4 characters. However, sugar metabolism and nitrogen utilization were altered in the mutants. An interaction between light intensity and genotype was also detected from transcriptome profiling, suggesting altered transcriptional and metabolic responses to environmental and endogenous signals in the PPDK mutants.
INTRODUCTION
Maize utilizes the C 4 photosynthetic pathway to conduct photosynthesis, requiring the metabolic cooperation of two adjacent cell types, the mesophyll (M) and bundle sheath (BS).
Under conditions where CO 2 is often limiting for carbon assimilation (e.g. limiting water), C 4 plants can outperform their C 3 counterparts with higher rates of photosynthesis, and water and nitrogen use efficiency. Population growth, reductions in arable lands, climate change and the plateauing of yield gains are necessitating a second green revolution. The engineering of C 4 traits into C 3 crops affords one such avenue with potential to greatly increase the yield of C 3 cereal crops (e.g. rice and wheat) under harsh environmental conditions (Hibberd et al. 2008 ). The advent of technologies such as genome editing with CRISPR/Cas9 promises to overcome one of the major technical hurdles to such a synthetic engineering approach.
Moreover, the inherent metabolic plasticity associated with C 4 photosynthesis in the grasses suggests that there will be multiple paths to successful engineering efforts (Weissmann et al. 2016 ). Nevertheless, the still very limited understanding of the genetic networks involved in orchestrating the development of C 4 photosynthesis (Wang et al. 2016 ) making it difficult to predict the minimum number of genes required for the design of a C 4 cycle.
Early studies of photosynthesis in maize identified pyruvate orthophosphate dikinase (PPDK, E.C.2.7.9.1) as a potentially rate limiting step in the C 4 shuttle pathway (Usuda et al. 1984 ) that catalyzes the Pi and ATP-dependent regeneration of PEP from pyruvate. Increased expression of PPDK appears to be a key factor that enables C 4 Miscanthus giganteus to maintain high photosynthetic rates at low temperatures (Wang et al. 2008) , suggesting the potential to engineer enhanced photosynthetic performance of cold sensitive C 4 crops under low temperature conditions. PPDK occurs in two subcellular compartments, chloroplastic (ChlPPDK) and cytosolic PPDK (cyPPDKZm1 and cyPPDKZm2) (Aoyagi and Bassham 1984) . The chlPPDK is expressed in high levels in the M cells of maize (Sheen and Bogorad 1987) and plays a key role in C 4 photosynthesis, also called C 4 PPDK (Sheen 1991) .
Interestingly, C 4 PPDK and cyPPDKZm1 are encoded by the same gene controlled by dual promoters. According to Sheen (Sheen 1991) , the first exon of C 4 PPDK encodes a chloroplast transit peptide for targeting to M chloroplasts. A long intron exists between exons1 and exon2 of the C 4 PPDK, and at the 3' end of this long intron is located the promoter of cyPPDKZm1. Thus, the cyPPDKZm1 mRNA is shorter than C 4 PPDK, and lacks the chloroplast localization signal. This dual promoter structure also exists in C 3 Arabidopsis and rice (Kang et al. 2005; Taylor et al. 2010) suggesting the gene for chloroplast targeting of PPDK originated before the divergence of monocots and dicots, and, as well, before the divergence of C 4 plants from their C 3 ancestors.
Another cytosolic PPDK (cyPPDKZm2) has high homology with cyPPDKZm1. These two cytosolic PPDK genes exhibit very low expression in most maize tissues, e.g. root, stem and leaf. However, their expressions are greatly induced in developing seeds (Mechin et al. 2007; Hennen-Bierwagen et al. 2009; Manicacci et al. 2009 ). A recent report using a mutant of cyPPDKZm2 demonstrated this PPDK to function in facilitating endosperm energy charge by adjusting ATP availability relative to AMP and ADP. In turn, this influences metabolites flux (Lappe et al. 2017 ) in a way different from the action of a rice PPDK mutant, which develops a floury-white endosperm (Kang et al. 2005) , presumably caused by carbon metabolism changes in seeds. The cyPPDKs in other plants, e.g. Arabidopsis, show high expression in cotyledons during early stages of growth (Parsley and Hibberd 2006) . The gene was also induced in the dark during natural senescence (Taylor et al. 2010) . The PPDK in senescing leaves may be involved in remobilizing N into seeds by facilitating metabolic conversion of pyruvate to glutamine (Taylor et al. 2010) . PPDK in Arabidopsis also plays important roles in gluconeogenesis during seedling establishment. This allows sugars to be made from pyruvate, parallel to another route of gluconeogenesis that generates sugars from dicarboxylic acids based on the function of Phosphoenolpyruvate carboxykinase (PCK) (Eastmond et al. 2015 ).
Due to its important role in C 4 photosynthesis, C 4 PPDK physiology has drawn extensive attention for decades. As early as 1991, regulatory elements were identified located in the 5' upstream region of the C 4 PPDK gene, which may have an important role in light-mediated expression of C 4 PPDK (Sheen 1991) . Transcriptional activities of ChlPPDK promoters were compared between the C 3 rice and C 4 maize (Nomura et al. 2000) , the results indicated that the maize PPDK promoter exhibited a higher transcriptional activity and cell specificity than the rice promoter, suggesting the addition of cis-acting elements during the evolution of C 4 PPDK. Recent reports suggested histone modifications to play a role in the light response and cell type-specific response of C 4 genes in monocots (Heimann et al. 2013; Perduns et al. 2015) . Also, the importance of UTRs has been reported for cell type-specific accumulation of carbonic anhydrase, PPDK and NADP-ME in C 4 Cleome gynandra and Flaveria (Williams et al. 2012) . Despite these earlier studies, the exact mechanisms that specifically increase PPDK's expression in M while suppressing its expression in BS cells in maize remains unclear. Furthermore, the activity of C 4 PPDK undergoes a diurnal light/dark regulation controlled by the bifunctional PPDK regulatory protein (PPDK-RP), which catalyzes the reversible phosphorylation of PPDK at Thr-527 and Ser-528 in maize (Burnell and Hatch 1985; Wang et al. 2016) . As with PPDK, how PPDK-RP is regulated and the mechanism which control phosphorylation/dephosphorylation, needs to be further characterized.
In this study, we further characterized the function of maize PPDK at the transcriptome and metabolome levels. The results indicated that PPDK is essential for maize to survive.
Without PPDK, the plant is seedling lethal, and could not be rescued by growing plants under high CO 2 . This loss of PPDK did not change Kranz anatomy, but sugar signaling and N metabolism were severely changed. Light played an important role in PPDK's function and changes in light intensity dramatically influenced light signaling and primary metabolism of maize.
RESULTS

ppdk mutants harboring transposon in the exon are seedling lethal
The ppdk mutants were identified from Photosynthetic Mutant Library (PML, http://pml.uoregon.edu/photosyntheticml.html) by mapping the Mu insertion to the reference maize genome (Williams-Carrier et al. 2010; Belcher et al. 2015) . The insertion site of Mu was assigned to +8086, the 10 th exon of GRMZM2G306345, the gene that encodes the C 4 PPDK ( Figure 1A ). The homozygous genotype (ppdk-1) showed a pale green phenotype which could not survive after consuming reserves from seeds ( Figures 1B, S1 ).
Supplementing sucrose in the culture medium only partially relieved seedling growth retardation, even though the chlorophyll a content was significantly increased ( Figure S1 ). To confirm that the phenotype was caused by the disruption of PPDK, two additional alleles were identified by screening the PML collection using PCR with a Mu primer in conjunction with gene-specific primers. The observed insertion sites (ppdk-2 and ppdk-3) were +7849 and +8520bp, within the 9 th and 12 nd exons of C 4 PPDK ( Figure 1A ). Consistent with ppdk-1, the ppdk-2 and ppdk-3 genotypes showed phenotypes with pale green leaves which were seedling lethal (supplemental Figure S1 ). Considering that phenotype variability exists in different genetic backgrounds of inbred maize, an independent screen for PPDK mutant alleles was developed using the Ac/Ds transposon system in the W22 background. Two additional alleles with Ds insertions, one in +6467, the 4 th exon of C 4 PPDK, and the other in +8366, the 11 th intron were identified ( Figure 1A ). The Ds insertion in exon (ppdk-4) caused a phenotype similar to ppdk-1, ppdk-2 and ppdk-3, which also indicated the phenotype was due to disruption of the PPDK gene.
To avoid genetic background variability and to suppress Mu activity, we backcrossed the (Sheen 1991) . This was also evident from our qPCR analysis ( Figure S2 ), which used primers designed to specifically amplify C 4 PPDK and cyPPDKZm1 (Table S1 ). The ppdk mutants germinated well and was almost indistinguishable from WT plants, during and right after germination. The pale green phenotype of the ppdk mutants became visible about 108hr after planting ( Figure S3 ). Based on this behavior, we expect the seedling lethal phenotype to be caused by failure of the mutant to synthesize the chr6 PPDK protein, while the loss of C 4 PPDK activity may contribute more to the phenotype after seedlings were exposure to light.
Leaf-atmosphere gas exchange
Similar A-PPFD response curves were observed with Het and WT plants grown under both CO 2_amb and CO 2_high conditions ( Figure 2A Figure 3B , 3C taken from tip, others in Figure S4 ). 
Transcriptome changes due to the loss of PPDK function
To explore the influence of PPDK on the maize leaf transcriptome, we isolated mRNA from four developmental zones, as noted above, from ppdk-1 that segregates WT, Het and ppdk mutants in a 1:2:1 ratio. To account for possible secondary effects caused by the dying of ppdk mutants under high light condition, plants grown under low light were also used for transcriptome analysis ( Figure 3A ). The RNA-seq reads from 72 samples of 3 biological replicates were mapped to maize genome assembly v3 and RPKM was calculated to estimate the expression levels of individual genes. Totally, we identified 22,645 genes that were expressed under both high and low light growth conditions from four developing zones.
a.
Gene expression of ppdk mutant plants was changed when leaves were exposed to light
We first looked for similarities between the developmental zones in the leaf. The correlation co-efficiency calculated between pairs of samples indicated a high correlation between Het and WT plants, demonstrating that the loss of half of the PPDK protein in heterozygous plants did not influence gene expression. This is consistent with the phenotypic observations. The expression of genes in ppdk mutants had very low correlation with those in Het and WT plants in zones +4cm and in the tip region. However, high correlations were found at the base and -1cm zones among all three genotypes. In these zones with little exposure to light the leaves have not uncurled. Thus, the loss of PPDK influenced the transcriptome only in +4cm and leaf tip where the leaves were exposed to light (either low or high light intensity) ( Figure 4 ). The high correlation of gene expression between high and low light treatments indicated the transcriptome changes in the homozygous mutant were primarily caused by the loss of PPDK ( Figure S5 ).
b. Differential gene expression among wild type, heterozygous and homozygous plants
We identified a total of 4,628 differentially expressed genes (DEG) among the three genotypes (q<0.05) with higher numbers of DEGs in the +4cm and tip regions ( Figure S6 ).
This was consistent with correlations that had been calculated from all expressed genes ( Figure 4 ). We classified the DEGs into six major groups by K-means clustering according to their expression patterns (Table S2 ). As shown in Figure 5 , the overall gene expression patterns were quite similar between Het and WT plants, while both were significantly different from the pattern shown by ppdk mutants in zones where the leaves were exposed to light (+4cm and tip). The genes in groups K1 and K2 were induced by the loss of PPDK. In the ppdk mutants, genes in K1 were enriched in pathways related to minor CHO metabolism and protein degradation; while genes in K2 were enriched in DNA synthesis, protein metabolism, and genes encoding proteins necessary for protein targeting (Table S2) in all genotypes, the expression of these genes in the ppdk mutants decreased sharply in the +4cm region. The genes in this cluster were enriched in pathways of cell wall, lipid metabolism and protein synthesis, followed by secondary metabolism and tetrapyrrole synthesis ( Figure 5 ).
c. Sugar metabolism was interrupted by the loss of PPDK
In the ppdk mutants, the genes that participate in starch and sucrose biosynthesis were repressed (K4, K5 clusters) while those associated with degradation were induced (K1 cluster) ( Figure 6 , Table S2 ,3), which is consistent with reduced accumulation of starch. For example, ADP glucose-pyrophosphorylase small and large subunits, starch synthase and branching enzyme SBE2.2, which are important for starch synthesis, and sucrose-phosphate synthase 3F and 4F, key enzymes in sucrose biosynthesis, were all significantly repressed in the +4cm and tip zones in the mutant ( Figure 6 ). We also noticed metabolite transporters in K4 and K5, e.g. chloroplast triose-phosphate translocator (TPT), putative phosphoenolpyruvate-phosphate translocator and dicarboxylate translocators (DIT1 and DIT2). Meanwhile, genes related to starch degradation, e.g. alpha-amylase and beta-amylase, which play key roles in cleavage of starch into maltose, were induced in the ppdk mutants. Since photosynthesis is very low in the ppdk mutants, this would assure carbon assimilated is not stored as starch but exported from chloroplasts. Meanwhile, the cytoplasmic and cell wall invertases, which may degrade sucrose both intra-and extracellularly, as well 
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) is altered in the ppdk mutants as well. Consequently, changes occur in sugar signaling and increased metabolism of glucose and fructose to hexose-P. We also noticed a significantly enriched expression of TPS/TPP in ppdk mutants, which play important roles in sensing sucrose level and sugar status in cells (Lunn et al. 2014) . In addition, a significantly increased expression of raffinose synthases, e.g. GRMZM2G127147, was also noticed in the ppdk mutants. The expression of the homolog of GRMZM2G127147 in Arabidopsis was reported to correlate with sugar level, to be induced by dark, senescing or treatment with exogenous photosynthesis inhibitors, and was suppressed in excised leaves supplied with sugar (Fujiki et al. 2001) . The high expression of raffinose synthases, as well as the induced expression of HXKs, TPS/TPP and degradation of starch and sucrose in the ppdk mutants again indicated a change of sugar status and signaling in the cells with the loss of PPDK function ( Figure 6 ).
d. The loss of PPDK triggered N remobilization in the leaf
We noticed a dramatic increase in the expression of cytosolic glutamine synthetase (GS1) and glutamate dehydrogenase (GDH) in the ppdk mutants in +4cm and tip ( Figure 7 , Table   S4 ), which suggested a change in N metabolism. In addition, expression of key enzymes in N assimilation, e.g. nitrate reductase, nitrite reductase, plastid GS2 and Fdx-GOGAT ( Figure   S7 ) were all found to be down-regulated in the ppdk mutant, which led to the conclusion that N assimilation was repressed. Since GS1 and GDH are involved in N remobilization under C starvation, which can occur at night or during senescence, we hypothesized active N remobilization in the ppdk mutant (Figure 7 ). In addition to glutamine, which is formed by the synthase GS1, asparagine is another major amino acid that is used for N-transport.
Interestingly, the asparagine synthetase (ASN1), which catalyzes the synthesis of asparagine through transfer of the amino group from Gln, increased 78 and 29 times in the ppdk mutant in the mature leaf zones under high and low light conditions, respectively. Also, the catabolic enzymes, serine-glyoxylate transaminase AGT1 and AGT2, breaking down asparagine (Zhang et al. 2013) , significantly increased in the ppdk mutant. In another function, AGTs catalyze amino transfer from serine to glycine in photorespiration. However, due to the very low capacity for photosynthesis and photorespiration by the ppdk mutant, this is consistent with decreased gene expression of most enzymes related to photorespiration in the mutant in the +4cm and tip sections (Table S5) . We also noticed the induction of arginase and urease accessory protein F and G in the +4cm and tip, which might function in the catabolism of arginine to recycle nitrogen in the ppdk mutant (Witte et al. 2005; Chen et al. 2016 ). Interestingly, the branched-chain degradation of amino acids was activated in the ppdk mutant as well ( Figure S8 ).
e. Photosynthesis and energy supply were reduced by the loss of PPDK Genes related to photosynthesis were significantly down-regulated in the ppdk mutants (Table S6) . Tetrapyrrole synthesis related genes, e.g. magnesium chelatase (GUN5), magnesium-protoporphyrin IX monomethyl-ester cyclase and GUN4 that function as regulators of chlorophyll synthesis and intracellular signaling, showed decreased expression by the loss of PPDK. We also noticed a significantly decreased expression of C 4 shuttle-related genes in the ppdk mutant, including genes such as PPDK, PEPC, CA et al. in the NADP-ME pathway and PEPCK as well as AspAT in the PEPCK pathways ( Figure 8 , Table S6 ).
Similar to the decrease in expression of photosynthesis related genes in ppdk mutants; we observed a similarly strong decrease of expression of genes in the glycolytic pathway (e.g. aldolase and enolase), TCA (e.g.2-oxoglutarate dehydrogenase and pyruvate dehydrogenase) and mitochondrial electron transport/ATP synthesis (e.g. cytochrome c
oxidase, NADH-D and F-ATPase). This points to a decreased capacity for respiration in the ppdk mutants in the mature zones of leaves. In addition, the expression of sulfate-assimilation related genes, including sulfite oxidase and sulfite redoxidase declined in plants lacking PPDK (Table S2 ).
The effect of light intensity on gene expression
We were interested in determining whether light might affect gene expression, and to explore the possibility of an interaction between light and PPDK mutagenesis on the expression of genes. To answer these questions, 6,272 genes with differential expression between high and low light growth conditions at q<0.05 were selected. K-means clustering and functional category enrichment assays were performed on these genes. As shown in Figure 9 , in the +4cm and tip zones the expression of genes from K1 to K6 was induced by low light and from K7 to K12 was repressed by low light (Figure 9 ; Table S7 ). Among the low light induced clusters, genes in K1 to K2 had similar expression patterns among all three genotypes, which indicated the genes in these clusters were responsive only to light intensity. These genes mainly related to cell wall (especially cellulose synthesis), cell organization and receptor kinases in K1 and signaling in the K2 cluster. Genes involved in signaling, particularly light signaling (e.g. phytochrome B and C), indicated that the seedlings accomplished re-programming light signaling to promote growth under low light condition.
Genes in K3 and K5 were dramatically induced by low light in all three genotypes; however, Metabolite response in ppdk mutant lines 55 metabolites, including primary sugars, amino acid and organic acids were identified from leaf sections (Table S8) . By using the SOTA program, the metabolites were divided into 11 groups according to their relative accumulation in different leaf sections. As shown in Figure   10 , the sugars, fructose and glucose, mainly accumulated in the base under high light conditions, where the loss of PPDK decreased their accumulation (G2). Interestingly, the accumulation of cysteine in group G6, asparagine in group G7, and lyxose and xylose, the main building block for the hemicellulose xylan in cell wall in G8 were highly induced by growth under low light. Furthermore, the loss of PPDK in homozygous mutants dramatically increased the accumulation of cysteine, derived from serine, and asparagine under high light growth. Slightly higher amounts of serine and glycine were found in the ppdk mutants in groups G10 and G11 only (Table S8) . Pyruvate amounts showed no changes in all genotypes, but valine and alanine that are derived from pyruvate increased slightly in the ppdk mutant plants under high light growth condition.
DISCUSSION
Increasing radiation use efficiency in C 3 crops by introducing C 4 photosynthetic mechanisms is considered, once accomplished, an efficient way to increase yield in C 3 crops such as rice and wheat (Sage and Zhu 2011; Long et al. 2015; Ort et al. 2015) . To efficiently bio-engineer C 3 to C 4 , we will first need to better understand the biochemistry and also regulatory mechanisms of key C 4 genes as, so far, our knowledge about C 4 is far from adequate. For example, as the initial step in C 4 photosynthesis atmospheric CO 2 is converted into bicarbonate, for which carbonic anhydrase (CA) is thought to be essential. However, a recent study reported that CA had no limiting effect on photosynthesis at ambient CO 2 in maize. Therefore, re-characterizing presumed, " classical" C 4 shuttle genes with loss of function mutations must again be done to identify their actual functions and thus to discover and establish the changes in metabolism that are necessary for further improving understanding of C 4 .
In the C 4 cycle, atmospheric CO 2 is converted to bicarbonate, metabolized and, finally, PPDK catalyzes the regeneration of PEP. This provides the substrate for PEPC for synthesis of the four carbon OAA which completes the initial steps required for capture of CO 2 by the cycle (Chastain et al. 2011 ). In addition to the considerable information with respect to the biochemical action of the C 4 PPDK enzyme, recent work identified amino acid residues important in the regulation of C 4 PPDK activity (Chastain et al. 1997; Chastain et al. 2002; Chastain et al. 2011; Chen et al. 2014) . On a different level, few studies have focused on mechanisms that control PPDK gene expression (Heimann et al. 2013; Perduns et al. 2015) .
In our work, we have identified a ppdk loss of function mutant with a transposon element inserted in an exon of both the C 4 PPDK and cyPPDKZm1 maize genes (Figure 1 ). Combining techniques of RNA-sequencing and metabolome analysis enabled unique in-depth analysis of the consequence of the loss of PPDK in leaves of C 4 maize.
Chr6 PPDK is essential for C 4 photosynthesis in light
The ppdk mutants germinated normally indicating a loss of activity of both chloroplastic and cytosolic PPDK on Chromosome 6 did not influence normal germination in the maize kernel ( Figure S2 ). This had already been reported by Lappe et al., using the same mutator insertion mutant (Lappe et al. 2017) . In this study, the authors reported the loss of chr6 PPDK did not cause any detectable effect in endosperm PPDK protein level and PPDK activity, and the majority of PPDK's protein level and function during seed development was contributed by chr8 PPDK. In our studies, as the first leaf emerges from the coleoptile (108 hr), a slightly pale green color was apparent in the ppdk mutants. This phenotype was distinct at 120 hr as the leaf became exposed to light ( Figure S2 ) but was less severe when the plants were grown under low light conditions (Figure 2) . Importantly, the transcriptome divergence from WT and ppdk mutants only emerged in +4cm and tip sections when the leaves were exposed to either low or high light (Figures 4, S5) , which indicated that chr6 PPDK has an important role in leaf development in the light. The cyppdkZm2 mutant located on chr8 germinated normally and no obvious growth or morphological phenotype was observed (Lappe et al. 2017 ). This indicates that the seedling lethal phenotype of chr6 ppdk appears to be mainly due to the loss of function of the chloroplastic PPDK in the C 4 shuttle .
Comparing our study with others (Weissmann et al. 2016; Eastmond et al. 2015) allows for the integration of additional insights. C 4 photosynthesis in maize occurs through two shuttles, one linked to NADP-ME, one depending on PPDK to supply PEP for PEPC, and an aspartate shuttle linked to PEPCK (Furbank 2011) . Our results indicate the ppdk mutant in maize to shut down the PEPCK pathway by decreasing the expression of AspAT and PEPCK. This is in contrast to results by Weissmann et al. ( 2016) , where a malate transporter dct2 mutant in maize inhibited the NADP-ME pathway and induced the expression of genes in the PEPCK (Table II) 
Carbon and nitrogen fluxes altered by the loss of PPDK function
After exposure to light, ppdk mutant leaves showed a dramatic decrease in photosynthesis, as also evidenced by declining transcripts of genes encoding components of light and dark reactions (Figures 5, 8) . We hypothesize that to be due to the low capacity for photosynthesis in the third leaf, plant growth would be largely dependent on the export of carbon and nitrogen from reserves in seeds and the first and second leaf. Thus, the decreased expression of genes for functions in photosynthesis and very low CO 2 assimilation in the ppdk mutants may cause decreased expression of sucrose/starch synthesis related genes, and increase in the sucrose/starch breakdown pathways, which could generate monosaccharides to support growth. Interestingly, several genes that were reported to correlate with sugar status, e.g.
sugar starvation in the dark, or senescence (Fujiki et al. 2001) , were significantly induced in the ppdk mutants. These include, for example, DIN10, sugar sensor HXK1 and HXK2, KIN10
and TPP/TPS (Nunes et al. 2013 ) (Figure 6 ), indicating a drastic change of sugar status and signaling in cells lacking PPDK function.
The change of sugar status in the mutants appears to disturb cellular C-N balance. Indeed, we noticed a significant change in N-metabolism related pathways. The expression of genes related to N-assimilation, e.g. nitrate reductase, nitrite reductase, was strongly repressed in the ppdk mutants ( Figure S6 ). Apparently in attempts to compensate, genes related to N-remobilizing pathways, especially glutamine and asparagine biosynthesis, were dramatically induced in the ppdk mutant (Figures 7, 11 ). ASN activity is reported negatively regulated by light and sucrose, and increased during dark adaptation (Lam et al. 1994) . In addition to an increased expression of ASN transcripts, we also noticed a significantly increased accumulation of asparagine in the ppdk mutants leaves in the +4cm sections.
However, the amount of glutamine did not significantly change in the mutants. This might be rationalized by the fact that asparagine, with its higher N:C ratio compared with glutamine, could act as a more efficient storage form of N when carbon skeletons are limiting. The ppdk mutants seem to induce pathways to shuttle N, because the arginine carbonic pathway, as well as the branch-chain amino acid pathways were all induced to provide ammonia and/or carbon-skeletons (Figures 7, S7 ).
Based on the fact that genes encoding, for example, GDH and ASN are induced in senescing leaves to remobilize N to the young leaves (Xu et al. 2012) , the loss of PPDK function could trigger a "senescence response" based on a decline in photosynthesis. We examined genes annotated to be involved in natural senescence in Arabidopsis and maize (Table S9) . They included SAG (Senescence-Associated Gene) and SEE (Senescence Enhanced Expression). However, only four out of 47 SAGs were highly expressed in the ppdk mutants, and two genes known to be senescence-related cysteine proteases in maize, SEE1
(GRMZM2G038636) and SEE2 (GRMZM2G093032) (Griffiths et al. 1997; Donnison et al. 2007 ), Both had low expression in the ppdk mutant similar to WT and Het plants. sugar starvation marker genes we noticed that the maize ppdk mutant expression profile showed 40% overlap with the Arabidopsis sugar starvation marker genes. Apparently, a sugar starving response was induced based on the loss of PPDK function (Table S10) .
Light intensity effects on gene expression and metabolism
Light intensity influenced gene expression ( Figure 9 ) and a complex relationship exists between light and metabolism depending on PPDK. For example, low light induced the accumulation of asparagine and cysteine in the maize seedlings, but, surprisingly, this induction was pronounced in the ppdk mutant lines in high light only (Figure10), which indicates the PPDK loss of function can mimic the carbon starvation conditions in low light observed in WT and Het plants. However, low light induced the accumulation of lyxose and xylose, the main building block for the hemicellulose xylan in cell walls (Rennie and Scheller 2014; Kuang et al. 2016 ). These compounds accumulate in very low amounts under high light in all lines studied, which may indicate different routes for carbon transport under different light intensities ( Figure 10 ).
As our study shows, PPDK is essential for normal functioning of C 4 photosynthesis. The absence of PPDK in the ppdk mutant influences a series of processes, especially the metabolism and signaling of carbohydrates, and N re-mobilization ( Figure 11) . However, further studies will be required to understand the contributing genes and their regulation in the synthesis, function and metabolic control of C 4 PPDK. Only when we understand the function and the regulatory mechanisms that govern C 4 gene expression and activity controls in a metabolic context, can we consider to effectively engineer C 4 photosynthesis into C 3 crops.
MATERIALS AND METHODS
Plant Growth Conditions and Tissue Collection
The ppdk mutant were identified from Photosynthetic Mutant Library (PML) (http://pml.uoregon.edu/photosyntheticml.html) by mapping the Mu insertion to the reference maize genome using high throughput Illumina sequencing technology (Williams-Carrier et al. 2010 ).
The seeds used for RNA-seq and metabolites were ppdk::Mu (ppdk-1) integrated to cv. , which are referred to as "high" versus "low" in the text, with 12:12 L/D, 31ºC L/22ºC D and 50% relative humidity. Tissue was collected from leaf three at 9 DAP three hours into the light period from four sections: base (1cm above the leaf three ligule); -1cm (1cm below the leaf two ligule); +4cm (4cm above the leaf two ligule) and tip (1cm below the leaf three tip). Tissues, pooled from at least 10 seedlings, were frozen in liquid nitrogen and stored at -80ºC for RNA-seq libraries construction and extraction of metabolites.
The seeds used for gas exchange measurement were ppdk-1 integrated to cv. B73 for two generations. The seeds were grown in a controlled environment growth chamber (GC) under near current ambient levels (CO 2_amb ; ～500 µmol CO 2 mol -1 air) or CO 2 -enriched (CO 2_high ;
10,000 µmol CO 2 mol -1 air) air CO 2 concentrations. For CO 2_high , CO 2 was constantly supplied to the GC by a 100% CO 2 tank equipped with a flow meter control (RMA-12-SSV, Dwyer
Instruments Inc., Michigan City, IN, USA). A Carbon Dioxide Monitor device (Model 2006 AP, VT; VitroTech Corporation, USA) was used to check daily the atmosphere CO 2 level. Growth conditions were designed to enhance survival of ppdk mutant seedlings, which included providing light 24 h/day by 400 W metal halide and high pressure sodium lamps, which were programmed to have a Photosynthetic Photon Flux Density (PPFD) of 150 µmol photons m -2 s -1 incident on the pots. Air temperature was set at 22 °C and air relative humidity was kept at ～70%, which corresponded to air Vapor Pressure Deficit of ～1.3 kPa. When plants were 3-4 days old, a distal portion of the lamina in the second emerged leaf was sampled and submitted to genotyping analysis to identify homozygous (ppdk mutant), heterozygous (Het) and wild type (WT) plants. The most uniform seedlings were used for measurements in the three lines.
Leaf-atmosphere Gas Exchange Measurements and Statistical Analysis
Leaf-atmosphere CO 2 and H 2 O exchange measurements were performed using a LI-COR 6400XT portable infrared gas analyzer equipped with a 6400-40 Leaf Chamber Fluorometer ), and data were recorded after leaves were acclimated for 1 h. 
Leaf Chlorophyll Contents and Statistical analysis
Leaf chlorophyll (chl) a and b contents were determined on leaf samples taken on ppdk mutants, Het and WT plants used for leaf gas exchange measurements. For each plant analyzed, two leaf disks were sampled immediately after LI-COR measurements in the leaf portion enclosed in the LCF. Following the protocol by Porra (Porra et al. 1989) , chlorophyll was extracted in 100% ethanol, and chl a and b absorbance were measured at 665 and 649 nm wavelength, respectively, using a UV-Visible Spectrophotometer (Graphicord UV-240, Shimadzu, Japan 
Electron microscopy
Transmission electron microscopy was performed as previously described (Li et al. 2010 ) on the base, -1cm, +4cm and Tip tissues from WT, Het and ppdk mutants under high or low light conditions.
RNA isolation, quantitative PCR and Illumina sequencing
Total RNA was extracted from leaf tissues as previously described (Li et al. 2010; Wang et al. 2014) and RNA-seq library constructions were performed using the protocol based on previous publication (Wang et al. 2011) . Totally 72 samples from 3 biological replicates were single end sequenced with illumine High-seq 2000. The reads were deconvoluted and filtered using the manufacture's default pipeline and parameters; the clean reads were mapped to maize genome assembly version 3. RPKM (reads per kilobase per million mapped reads) was used to estimate the expression level of individual genes; quantitative PCR were performed using C 4 marker genes to validate the RNA-seq results as previous described (Li et al. 2010) .
Defining differentially expressed genes and cluster analysis
Differential expressed genes (DEG) were identified using SAS (SAS Institute, Cary, NC, USA)
PROC MIXED procedure for the split-plot design by a two-step analysis. First, we identified possible genes of interest by testing whether there was any difference between the light X genotypes combinations for each segment. After this, we tested the difference among the genotypes at each light X segment combination. The false discovery rate was controlled at 0.05 using Benjamini and Hochberg procedure (Benjamini and Hochberg 1995) . The MapMan functional classification system (see http://gabi.rzpd.de/projects/MapMan/) was used to calculate the enrichment of functional categories, and K means clustering was performed as described previously (Li et al. 2010 ).
Metabolite measurements
Leaf sections of two biological replicates, and four or five technical replicates within each biological replicate, with at least 10 pooled leaf sections from base, -1cm, +4cm and tip, under high light and low light conditions from WT, Het and ppdk mutants were harvested for metabolite analysis. Since the tip section under high light conditions had only one biological replicate, it was removed from further analysis. Metabolite profiling of Maize leaves by GC-MS was performed as described previously (Lisec et al. 2006) . Frozen seedling material (around 50 to 100 mg based on fresh weight measurements) was homogenized in 700 μl of methanol with addition of Ribitol (0.2 mg/ml stock in water) as an internal quantitative standard for the polar phase at 70°C for 15 min. After centrifugation at 1400 rpm for 15 min, 375 μl of chloroform and 750 μl H 2 O were added and mixed for 15s. Centrifugation was repeated at 1400 rpm for 15 min; and two aliquots of 150 μl were taken from the upper phase (polar phase) and dried by speed vac. Then, 40 µl Methoxyaminhydrochloride (20 mg/ml in Pyridin) was added to the dried tubes, followed by shaking for 2 h at 37°C. Samples were analyzed using GC-MS (ChromaTOF software, Pegasus driver 1·61; LECO). The chromatograms and mass spectra were evaluated using TagFinder (Luedemann et al. 2008) . Metabolite identification was manually supervised using the mass spectral and retention index collection of the Golm Metabolome Database (Kopka et al. 2005) . Peak heights of the mass fragments were normalized on the basis of the fresh weight of the sample and the added amount of an internal standard (Ribitol).
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Accession numbers
The raw data of RNA-seq libraries have been submitted to Sequence Read Archive under accession ID of SRP082943. All expressed genes that passed the background filter were used for calculation. 
